The morphology and morphotypes of the Hawaiian river shrimp, Macrobrachium grandimanus Randall, 1840 (Caridea: Palaemonidae), are examined in this study. This species has a dense aggregation of setae (termed "setal patch") located on the major second cheliped and the function of this setal patch is unknown. Because previous research documented that this setal patch is not associated with grooming behaviors, a morphological study with detailed examination of the morphology of the second chelipeds was conducted using SEM and a dissecting microscope. Using morphometrics, three ontogenetic morphotypes within M. grandimanus were identified: females, small symmetrical males, and large asymmetrical males. There are morphometric differences and setation differences between small and large individuals as well as differences between the sexes. The setal patch is associated with large males, so while the function still remains unknown we present hypotheses about its function in behavioral and life history traits of these large males.
INTRODUCTION
Individuals within a species can differentiate in behavior, morphology, and function. These individuals can be called a morphotype which is a group of individuals that is distinguished from other individuals based on morphological characters (Kuris et al., 1987) . Crustacean morphotypes are generally characterized by differences in color, body, and cheliped morphology (Kuris et al., 1987) . Many crustaceans, especially decapods, have morphotypes including shrimps (Macrobrachium: Kuris et al., 1987) , brachyurans (Carcinus: Costa et al., 2011; Libinia: Laufer and Ahl, 1995) , and anomurans (Agela: Bueno and Shimizu, 2009) .
There have been documented cases of morphotypes within the genus Macrobrachium. These include Macrobrachium rosenbergii de Man, 1879 (Kuris et al., 1987; Govind and Pearce, 1993) , M. amazonicum Heller, 1862 (MoraesRiodades and Valenti, 2004) , and M. macrobrachion Herklots, 1851 (Akintola et al., 2008) . Some morphotypes are the same individuals, just at different stages and these morphotypes are often called ontogenetic morphotypes (Correa et al., 2003) . There are three male morphotypes of M. rosenbergii: the dominant blue clawed males (BC), the subordinate orange clawed males (OC), and the non-territorial small clawed males (SM). The BC males dominant the system, but when a BC male is removed, an OC male will develop into a BC male via a metamorphic molt (Kuris et al., 1987; Govind and Pearce, 1993) . Genetic morphotypes are when individuals have a specific genotype and this corresponds to a specific morphotype that does not change over their lifetime. Genetic morphotypes have not been documented in Mac- * Corresponding author; e-mail: Jwortham@ut.edu robrachium even though they have been reported in other caridean shrimp (Bauer, 1981b (Bauer, , 1982 .
The functional use of setae by crustaceans has been well documented (Felgenhauer et al., 1989 ). An exceptional feature of Macrobrachium grandimanus Randall, 1840 , the species observed in this study, is the presence of a "setal patch" located on the major second cheliped (MajorC in Fig. 1 ) (VanMaurik and Wortham, 2011) . The setal patch is a dense aggregation of setae located on the cheliped and has only been documented in one other species of Macrobrachium, which is located off the Southeast Atlantic Ocean, Gulf of Mexico, Caribbean region, and Brazil, M. acanthurus Wiegmann, 1836 (Shokita, 1985; Bowles et al., 2000; Charmantier et al., 2010) . Because past extensive research in crustaceans has repeatedly documented that specialized setae on appendages aid in the prevention fouling and in grooming of the body (Bauer, 1977 (Bauer, , 1978 (Bauer, , 1979 (Bauer, , 1981 (Bauer, , 1989 (Bauer, , 1999 (Bauer, , 2002 Felgenhauer and Schram, 1978, 1979; Holmquist, 1989; Pohle, 1989) , we initially hypothesized that in M. grandimanus would use the setal patch and the associated second cheliped in grooming, rather as a grooming appendage or as a structure that was groomed frequently. However, VanMaurik and Wortham (2011) found no evidence that this setal patch and the MajorC were related to grooming activities.
The presence of a setal patch is evident in some other crustaceans including the crayfish, Austropotamobius torrentium Schrank, 1803 (Altner et al., 1983 and another species within the genus Macrobrachium, M. acanthurus (cf. Bowles et al., 2000) . In some cases, as with the crayfish, A. torrentium, the function of the setal patch is related to chemoreception (Altner et al., 1983) . The setal patch located on the second pereiopod (further referred to as "cheliped") of M. acanthurus has an unknown function, similar to M. Fig. 1 . Morphology of Macrobrachium grandimanus. Note: CL = carapace length, CW = carapace width, PPL = propodus palm length, PTL = propodus total length, DL = dactylus length, ChW = chela width, CTL = cheliped total length, c = coxa; b = basis; and isch = ischium. (Diagram modified from Short, 2004.) grandimanus in this study. Setae may be also be used in agonistic interactions (Correa et al., 2003; Diaz and Thiel, 2004) , feeding, reproduction, larval development, locomotion, and mechanical work (Jacques, 1989) .
We studied the morphological characteristics of the Hawaiian river shrimp, M. grandimanus, which may be endemic to the freshwater system of the Hawaiian Islands and exhibits an amphidromous life cycle (Shokita, 1985) . Thus, to further elucidate the function of the setal patch, we conducted a morphology study, primarily of the chelipeds. The objectives of this study are: 1) to examine the morphology of the setal patch on the chelipeds, 2) to determine if any morphotypes exist for this species of caridean shrimp, and 3) to determine if the setal patch is more prevalent in any size class or sex of M. grandimanus. Hypotheses concerning the setal patch being associated with agonistic or courtship behaviors is presented.
MATERIAL AND METHODS
In the summer of 2008 and 2009, M. grandimanus was collected in Wailoa River, Hawaii (which flows into Hilo Bay) by the Hawaii Division of Aquatic Resources, transported overnight to the University of Tampa, and kept in two 38-L aquaria equipped with filtered, 5 ppt seawater and rocky habitat. Shrimps were fed frozen brine shrimp and shrimp pellets. Shrimp were initially preserved in ethyl alcohol. A total of N = 158 individuals were used in determining the sex ratio from the field.
Eight morphometric characters were measured on (N = 103) intact individuals: wet mass (WM), carapace length (CL), carapace width (CW), propodus palm length (PPL), propodus total length (PTL), dactylus length (DL), chela width (ChW), and cheliped total length (CTL) (Fig. 1) . These characteristics have been found useful in differentiating species and morphotypes of Macrobrachium (Short, 2004; Konan et al., 2008) . A digital vernier caliper (to the nearest 0.1 mm) was used to measure the characters on both the left and right chelipeds. For the measurements of the chelipeds, there were actually N = 206 measurements that were used in the data analyses (two measurements from each of the N = 103 individuals); however, in the measurements of wet weight and carapace length, there were only N = 103 measurements. WM was measured on all individuals to the nearest 0.01 g using a digital scale. Morphometrics were defined as follows: CL from the anterior tip of the rostrum to the posterior margin of the carapace at the midline (observations indicate that the rostrum was rarely damaged, broken off, or missing); CW from maximum distance between the lateral margins of the branchiostegite looking at the shrimp dorsally; PPL from the proximal to the distal end of the propodus palm; PTL from the proximal end of the propodus to the distal end of the pollex (not including the distal spine); DL by subtracting the PPL from the PTL and then further verified through actual measuements; ChW from the widest part of the propodus; CTL from the proximal margin of the ischium to the distal end of the propodus/dactylus. Only intact individuals were used in the morphological analyses.
Once these measurements were completed, symmetry ratios were calculated from the measurements on each individual. A symmetry ratio is found by taking both the left and right appendage measurement from one individual and creating a ratio with the larger number divided by the smaller number. Symmetry ratios help conserve data from being eliminated, especially when one appendage is larger than the other. Individuals were then classified into morphotypes based on the symmetry ratios. Averages for each of the eight measurements described in the preceding paragraph were then calculated for each morphotype.
Using the lens of a Leica S6D dissecting microscope at 6× magnification and a Olympus BH-2 compound microscope, males were identified by the appendix masculina on the second pleopod between the endopod and appendix interna (Tombes and Foster, 1979) . Females were identified by ovarian development through the exoskeleton, lack of appendix masculina, and presence of embyros on the pleopods (Bauer, 1986) .
One of the objectives of this study was to document the structure and function of the setal patch located on the MajorC. While the setal patch can been visually identified without a microscope on some individuals, standard SEM technique (Felgenhauer, 1987) was used to document the pattern of the setae coverage. The setae samples were sputtered coated in gold twice. SEM photographs of the morphotypes were captured using a JEOL JSM-35 microscope from a magnification range of 18-430×. Photographs were taken of each morphotype at the same magnification on a dissection microscope to show the distinct size differences between the chelipeds and setal patch morphology. Setation and spine identification was based on documentation from Short (2004) and Watling (1989) .
The data was analyzed to determine if they met the criteria for parametric statistics. The data were analyzed using parametric statistics including t-tests, regression analyses, the chi-squared goodness of fit test, and Dunnett's test (a variation of the ANCOVA). Significance was determined by using a pre-determined p-value of less than 0.05.
RESULTS
Three morphotypes were identified within Macrobrachium grandimanus: one female and two male (Fig. 2) . Morphotypes were classified based on the symmetry ratios on differences in the chelipeds, body morphologies, symmetry ratios, and growth rates. The female (F) morphotype (N = 62; symmetry ratio less than 1.5) has relatively symmetrical chelipeds, simple setae and some small spines ( Fig. 2A) . The smaller male morphotype (symmetrical-M1; symmetry ratio less than 1.5) (N = 61) also has relatively symmetrical chelipeds, simple setae and spines (Fig. 2B) . The larger male morphotype (M2) (N = 25; symmetry ratio larger approximately equal to or greater than 1.5) has asymmetrical chelipeds and more simple setae and spines than the other morphotypes (Fig. 2C) . They have much larger chelipeds than the other morphotypes with a distinct major (larger) and minor (smaller) cheliped (Fig. 2C) . Asymmetry of the chelipeds becomes most apparent at the articulation point of the propodus and carpus and with the general larger size of the propodus on the major cheliped. The setal patch, a dense aggregation of simple setae located along the dorsal portion of the propodus palm, is associated with M2 and is located on the major, but not the minor cheliped (Fig. 2D) . A considerable number of spines were located along the entire length of the cheliped of M2 (Fig. 2E) . The chelipeds of all morphotypes has a mottled coloration pattern that continued on to the body of all individuals (Fig. 2E) . The minor cheliped of M2 has a setation pattern that covers the entire propodus with long simple setae (Fig. 2F) . The F and M1 rarely exhibit a setal patch, but M2 always has a dense setal patch on the major cheliped and the sporadic setation pattern on the minor cheliped.
The setation and spination of each morphotype was photographed using the SEM and some variation between the different morphotypes became easily observed (Figs. 3, 4, 5, and 6) . The F morphotype (Fig. 3) had simple setae along the entire length of the both right and left chelipeds ( Fig. 3A and B, respectively) with a clump of setae at the distal tip of both the pollex and the dactyl on both chelipeds as well as what appears to be interlocking setae that unite the pollex and the dactyl together ( Fig. 3C and D). One distal spine was present on the dactyl of the cheliped (Fig. 3D) . While the length of the dactylus and pollex appears larger on one cheliped, the use of major and minor cheliped should be used carefully as these chelipeds were similar in morphological measurements (Table 1) . Morphotype M1 has longer simple setae along the entire cheliped (Fig. 4A) , when compared to the F morphotype. There also appears to be some interlocking setae along ( Fig. 4A and B) , similar to the F morphotype. However, in M1, there is less setae at the distal tip of the cheliped and a distal spine is absent (Fig. 4B) . In M2, the setal patch is located on the MajorC and is composed of many simple setae that are densely packed, and without any spination (Fig. 5A, B, and C) . The MajorC has simple setae along the length with a few protective spinaform setae (Fig. 5C ). In M2, the minor cheliped (Fig. 6) is different from the major Fig. 2 . Photographs of Macrobrachium grandimanus chelipeds (second pereiopods) based on morphotypes. A, females (F); B, symmetrical males (M1); C, asymmetrical males (M2) with associated setal patch on major chelipeds; D, close-up view of setal patch located on major cheliped of asymmetrical males; E, mottled coloration and spines on chelipeds of M2; F, close-up view of setation pattern found on the minor cheliped of asymmetrical males M2. Photographs A-C were taken at the same magnification using a dissecting microscope. cheliped (Fig. 5) . The minor cheliped has longer sporadic setae along the entire length ( Fig. 6A) with tufts of shorter setae at the distal end (Fig. 6B) . The minor cheliped also has a few spines along the length of the dactylus (Fig. 6C) as well as longer interlocking setae that unite the pollex and the dactyl (Fig. 6A and B) . The minor cheliped of M2 resembles the chelipeds of M1 and F morphotypes more than it resembles the M2 major cheliped.
Handedness, the tendency of one cheliped to be larger, was documented for all individuals and for each morphotype and sex. Handedness was found to be random in all Macrobrachium grandimanus morphotypes and sexes (Chisquared test, X 2 = 0-1.0, P = 0.62-1.0). Because handedness was random, a symmetry ratio was used to classify the morphotypes in which the size of the larger cheliped was compared to the smaller for all measurements (Table 1) . A comparison of the larger to the smaller characteristic was performed for each morphotype; both F and M1 had a symmetry ratio of less than 1.5, but the ratio was approximately equal to or greater than 1.5 for M2.
The summer sex ratio of males to females for M. grandimanus is 1 : 1.5; with significantly more females in the population than males (Chi-squared test, X 2 = 4.15, P = 0.042) (Fig. 7) . The ratio of the male morphotypes (M1:M2) is 1 : 1.5. While the ratio was biased toward M2, there was no significant difference between these two male morphotypes (Chi-squared test, X 2 = 1.98, P = 0.16) (Fig. 7) . The comparisons of carapace length and wet mass indicate there are differences between the three morphotypes (Dunnett's test: F vs. M1, q = 8.80, P < 0.001; F vs. M2, q = 21.64, P < 0.001; M1 vs. M2, q = 5.85, P < 0.001; Fig. 8A ). The regression analyses of carapace length and wet mass show the slopes are different and indicate small individuals are female and larger individuals are male (regression equations -F: y = 0.12x − 1.43, r 2 = 0.885; M1: y = 0.13x − 1.86, r 2 = 0.860; M2: y = 0.152x − 2.11, r 2 = 0.849; Combined: y = 0.14x − 1.86, r 2 = 0.920; Fig. 8A ). Using the comparisons of carapace length (a measurement of body growth) and cheliped length (a measurement of cheliped growth), the rate of body growth was found to not equal to the rate of cheliped growth (Dunnett's test: F vs. M1, q = −21.06, P < 0.001; F vs. M2, q = −1.39, P > 0.05; M1 vs. M2, q = 12.69, P < 0.001; Fig. 8B ). The regression analyses of cheliped total length and carapace length show the different growth rates based on the slopes (regression equations -F: y = 1.33x − 0.43, r 2 = 0.427; M1: y = 0.78x + 8.88, r 2 = 0.393; M2: y = 1.30x + 3.75, r 2 = 0.442; Combined: y = −1.52x − 3.84, r 2 = 0.675). These comparisons provide further evidence for the morphotypes.
Eight morphological characteristics were measured on the body and chelipeds of the Macrobrachium grandimanus morphotypes and sexes: propodus palm length, propodus total length, dactylus length, chela width, cheliped total length, carapace length, carapace width, and wet mass (Table 2) . No significant differences existed in four of the eight characteristics between F and M1: propodus palm length, propodus total length, chela width, and cheliped total length (t-test, t = 1.08, P = 0.28, Fig. 9A ; t-test, t = −1.67, P = 0.097, Fig. 9B ; t-test, t = −1.29, P = 0.20, Fig. 9D ; t-test, t = −1.58, P = 0.12; Fig. 9E ), respectively. There was a significant difference in four of the eight characteristics between F and M1: dactylus length, carapace length, carapace width, and wet mass (t-test, t = −6.23, P < 0.0001, Fig. 9C ; t-test, t = −5.28, P < 0.0001, Fig. 9F ; t-test, t = −4.03, P = 0.0001, Fig. 9G ; t-test, t = −3.55, P = 0.0007, Fig. 9H ), respectively. A significant difference was identified for all eight morphological characteristics between M1 and M2: propodus palm length, propodus total length, dactylus length, chela width, cheliped total length, carapace length, carapace width, and wet mass (t-test, t = −4.69, P < 0.0001, Fig. 9A ; t-test, t = −6.01, P < 0.0001, Fig. 9B ; t-test, t = −6.94, P < 0.0001, Fig. 9C ; t-test, t = −5.75, P < 0.0001, Fig. 9D ; t-test, t = −5.82, P < 0.0001, Fig. 9E ; t-test, t = −3.41, P = 0.0015, Fig. 9F ; t-test, t = −3.82, P = 0.0005, Fig. 9G ; t-test, t = −4.26, P = 0.0001, Fig. 9H ), respectively.
We observed some body damage on M. grandimanus, but mostly on the M2 individuals. While N = 158 individuals were collected, only N = 103 could be used in the morphology analyses due to bodily damage. Though they were not included in our morphometric analyses, M2 individuals collected from the field and immediately preserved had a higher prevalence of dactylus damage or one missing compared to the M1 or F morphotypes. Sometimes the cheliped would Table 1 . Symmetry ratios with measurements for both second pereiopods of Macrobrachium grandimanus morphotypes with standard errors. All characteristics measured in millimeters. F: females; M1: symmetrical males; M2: asymmetrical males; C1: smaller pereiopod measurement; C2: larger pereiopod measurement. Symmetry ratios (S. Ratio) calculated by taking the larger measurement (C2) divided by the smaller measurement (C1). have an injured mark in M2 individuals. Eyes were always intact and the rostrums and telsons were never damaged in collections. No bopyrid isopods were observed under the carapace in any individuals.
DISCUSSION

Morphotypes
Based on analyses of measured morphological characters, three ontogenetic morphotypes were identified within Macrobrachium grandimanus: females (F), symmetrical males (M1), and asymmetrical males (M2). There were clearly two different male morphotypes that is supported by the different growth rates and morphologies of the two groups. The rate of body growth (carapace length) is not equal to the rate of cheliped growth (cheliped total length), indicating that the two male groups have different growth rates. Because smaller M2 individuals were not collected, we predict that the large size of M2 is a phenotypically plastic characteristic and M1 can eventually grow into M2 when given a signal or chance, which is similar to other species of caridean shrimps where there is a smaller male population that grows into the larger population (Kuris et al., 1987) . It appears that the growth rate of males may not be consistent over time in M. grandimanus. Other crustaceans, such as spider crabs, Libinia emarginata Leach, 1815 , are shown to have two male populations in which the smaller male morphotype will grow in to the larger male morphotype by undergoing a terminal molt (Rotllant et al., 2000) . This is similar to what is found in other species of Macrobrachium that have male morphotypes, i.e., M. amazonicum and M. rosenbergii (Kuris et al., 1987; Moraes-Riodades and Valenti, 2004) . The concept of morphotypes within the genus Macrobrachium is not unfamiliar. Extensive research with M. rosenbergii has shown distinct differences between males of this species, distinguished by cheliped color and size, but no other study has examined female morphotypes (Lindenfelser, 1984; Kuris et al., 1987; Govind and Pearce, 1993) . The male morphotypes of M. rosenbergii and M. amazonicum have dominant and subordinate males that are organized based upon a social hierarchy. When the dominant Fig. 9 . Average morphological characteristics of Macrobrachium grandimanus morphotypes. A, propodus palm length; B, propodus total length; C, dactylus length; D, chela width; E, cheliped total length; F, carapace length; G, carapace width; H, wet mass. * = significant P -value between F and M1; ** = significant P -value between M1 and M2; F = Females; M1 = symmetrical males; M2 = asymmetrical males. male morphotype is removed from the population, the subordinate males have dramatic growth rates that replace the vacancy left by the dominant males (Kuris et al., 1987; Moraes-Riodades and Valenti, 2004) . The largest and most dominant males have access to the females, therefore giving them a reproductive advantage (Kuris et al., 1987) . Our study did not look at changes in population structure by artificial removal of a morphotype. Based on the different growth rates (Fig. 8A and B) being similar to what has been found in other species of Macrobrachium, we do predict that M. grandimanus will have male morphotypes that are capable of changing morphotypes by undergoing rapid growth as seen in M. rosenbergii (Kuris et al., 1987) and M. amazonicum (Moraes-Riodades and Valenti, 2004) .
Setal Patch
The setal patch located on the MajorC appendage was predicted to be a grooming structure and a frequently groomed body region. We found no supporting data (VanMaurik and Wortham, 2011) that the function of the setal patch is related to grooming, which led to the morphology study. This morphology study provided evidence that this structure is associated with larger males. Only one other species of Macrobrachium is known to have a setal patch-like structure on the chelipeds: M. acanthurus (Bowles et al., 2000) . This species is known to have a cluster of setae located on one cheliped, similar to M. grandimanus, but the function is also unknown. Other crustaceans are known to have clusters of setae located on the cheliped. For example, male crayfish, A. torrentium, have chela with setae that function in chemosensory reception. These setae detect female hormones in the water signaling that she is ready to mate (Altner et al., 1983) . The crabs Pilumnus spp., Cardisoma guanhumi Latreille, 1825, and Gecarcinus lateralis Freminville, 1835 are also known to have setal patches on the chelipeds that may be used for sensory input (Evoy, 1973) . It may be likely that the tufts of setae at the distal end of the chelipeds of F, M1, and M2 individuals are similarly involved in chemoreception. The difference in function between the longer simple setae on the minor cheliped of M2 and the shorter simple setae in the setal patch on the MajorC of M2 remains unknown.
The setal patch of M. grandimanus is related to larger, robust, and possibly dominant males. The setal patch may make the large cheliped appear ever larger than the outline of the exoskeleton. While this study did not investigate the use of the setal patch for sensory input or its role in pheromone detection, it may be hypothesized to be used in agonistic interactions between males; those males with the setal patch may use it to signal dominance in social signaling. There have been structures in Macrobrachium that have been reported to be different between the sexes, leading to sexual dimorphism (Nagamine and Knight, 1980) , which seems to be similar to the setal patch found in larger males in this study.
Some species of Macrobrachium (M. acanthurus; Choudhury, 1971: M. rosenbergii; Chow et al., 1982; Ra'anan and Sagi, 1985; and Karplus et al., 2000) have been documented to extensively mate guard and the dominant males use their larger chelipeds in intrasexual fights and help the dominant males displace a subordinate male and then gain access to females (review in Thiel et al., 2010) . In another caridean shrimp, males may compete for dominance by using a visual display involves the larger chelipeds and the setal patch or physically jousting with the chelipeds with other males for access to females (Correa et al., 2003; Diaz and Thiel, 2004; Thiel et al., 2010) . The males who are dominant gain access to the highest quality females and therefore have a higher reproductive advantage. Thiel et al. (2010) predicted that the presence of a large male morphotypes with large chelipeds would suggest that these males guard and defend females. This study, as well as there being no evidence of the setal patch being used as a grooming structure ( VanMaurik and Wortham, 2011) , may support the hypothesis of the setal patch function being involved in visual signals and male competition. Because all males measured in this study had a visual appendix masculina, males were likely to be reproductively active. Females were similar in size to M1, had ovarian development or eggs, and thus, they were sexually receptive or soon to be receptive to males. Thus, our observed operational sex ratio for M. grandimanus was biased toward females which may suggest that there is no male competition for females, but instead competition for high quality males. However it is possible that the sex ratio reported in this study may be closer to being equal. Because only intact individuals were used in this study and only intact individuals were collected from the field, there may be a small population of M2 males not accounted for especially if males are displaying dominance using their setal patch, fight more often than females, and thus may lose appendages and hence not collected. Missing males may have inaccurately skewed the sex ratio in favor of females. Regardless of the sex ratio, males may need to compete with other males to gain access to higher quality females. In species with males that do not fight for access to females, the males are typically the same size as the females, but in species where the males compete for females, which seems to be the case for M. grandimanus, the males are larger than the females (Puts, 2010) .
